Synaptogenesis is required for wiring neuronal circuits in the developing brain and continues to remodel adult networks. However, the molecules organizing synapse development and maintenance in vivo remain incompletely understood. We now demonstrate that the immunoglobulin adhesion molecule SynCAM 1 dynamically alters synapse number and plasticity. Overexpression of SynCAM 1 in transgenic mice promotes excitatory synapse number, while loss of SynCAM 1 results in fewer excitatory synapses. By turning off SynCAM 1 overexpression in transgenic brains, we show that it maintains the newly induced synapses. SynCAM 1 also functions at mature synapses to alter their plasticity by regulating longterm depression. Consistent with these effects on neuronal connectivity, SynCAM 1 expression affects spatial learning, with knock-out mice learning better. The reciprocal effects of increased SynCAM 1 expression and loss reveal that this adhesion molecule contributes to the regulation of synapse number and plasticity, and impacts how neuronal networks undergo activity-dependent changes.
INTRODUCTION
Synapse formation is required for the development of the nervous system and dynamic changes of synapses in the mature brain are associated with cognitive functions such as learning and memory. Notably, aberrant synapse structures are present in mental retardation and neurological disorders (Fiala et al., 2002; Irwin et al., 2001) . Elucidating the molecular machinery that organizes synapses is therefore relevant to our understanding both of physiological functions as well as debilitating brain disorders.
Protein interactions across the synaptic cleft are now known to organize developing synapses (Biederer and Stagi, 2008; Giagtzoglou et al., 2009; Jin and Garner, 2008) . Postsynaptic adhesion molecules of the neuroligin and SynCAM families and EphB receptors drive the differentiation of synapses (Biederer et al., 2002; Chih et al., 2005; Chubykin et al., 2007; Graf et al., 2004; Kayser et al., 2006; Nam and Chen, 2005; Scheiffele et al., 2000) . In addition, neuroligins control synapse specification and maturation (Chubykin et al., 2007; Varoqueaux et al., 2006) , while cadherins contribute to the structural development and plasticity of synapses (Okamura et al., 2004; Togashi et al., 2002) . Mutations in neuroligin and neurexin genes have been linked to familial forms of autism-spectrum disorders, supporting the hypothesis that synapse disorganization and imbalanced neuronal excitation can result in neurodevelopmental disorders (Bourgeron, 2009; Sü dhof, 2008; Zoghbi, 2003) . Consistent with the physiological relevance of synapse-organizing molecules, links of SynCAM 1 and cadherins to autismspectrum disorders have also been reported (Wang et al., 2009; Zhiling et al., 2008) .
Among the select proteins that drive synapse formation, SynCAM 1 (also known as Cadm1 and nectin-like molecule 2) is the founding member of a family of four immunoglobulin (Ig) proteins that are expressed throughout the developing and mature brain (Biederer, 2006; Thomas et al., 2008) . SynCAM 1 participates in axo-dendritic interactions, indicating early roles in the contact-mediated differentiation of synapses (Stagi et al., 2010) . At later developmental stages, SynCAM proteins are enriched in pre-and postsynaptic plasma membranes and engage in specific homo-and heterophilic adhesive interactions (Biederer et al., 2002; Fogel et al., 2007) . Functionally, the heterophilic partners SynCAM 1 and SynCAM 2 drive presynaptic terminal formation in cultured neurons and increase the number of excitatory, but not inhibitory synapses (Biederer et al., 2002; Fogel et al., 2007; Sara et al., 2005) .
Despite the significant molecular insights into the synapseorganizing roles of trans-synaptic interactions, three decisive aspects remain insufficiently understood. First, to which extent are synapse numbers regulated by synaptic adhesion in the brain? Second, at which steps during the lifetime of synapses are individual synaptic adhesion molecules engaged? Third, do these synapse-organizing proteins alter synaptic physiology and affect neuronal network functions?
We now demonstrate that SynCAM 1 significantly impacts these three aspects. Combining electron microscopy, Golgi staining, and electrophysiology, we demonstrate that elevated expression of SynCAM 1 in a transgenic mouse model increases functional excitatory synapse number. This activity corresponds to its endogenous role, as SynCAM 1 knock-out (KO) mice exhibit fewer excitatory synapses. Moreover, SynCAM 1 functions dynamically at developing synapses: Using the temporal control afforded by the design of our transgenic model, we show that continued SynCAM 1 elevation is required to maintain the increase in synapse number it drives in the first place. Unexpectedly, SynCAM 1 additionally alters the plasticity of synapses once they are formed, with its overexpression abrogating longterm depression (LTD) and its loss increasing LTD. These complementary changes in synapse number and plasticity correlate with altered cognitive functions and SynCAM 1 KO mice exhibit improved spatial learning. Our results reveal important contributions of SynCAM 1 to excitatory synapse number and function in the developing and adult brain. This supports a model that synaptic adhesion by SynCAM 1 can promote synapse formation and restrict synaptic plasticity to regulate the wiring and remodeling of neuronal circuits.
RESULTS

SynCAM Proteins Are Prominent in Synaptic Plasma Membranes
To gain better molecular insight into SynCAM properties in vivo, we determined the abundance of the four SynCAM family members. Quantitative immunoblotting of synaptic plasma membranes purified at postnatal day 9 (P9), when excitatory synapse formation begins to peak in the forebrain, showed that the heterophilic adhesion partners SynCAM 1 and 2 accounted for 0.41 ng/mg and 4.0 ng/mg of total synaptic membrane proteins, respectively. SynCAM 3 and 4 were present at 0.46 ng/mg and 0.20 ng/mg in this fraction. Thus, 0.5% of synaptic membrane proteins were comprised of SynCAM proteins at this developmental stage, a high fraction even when compared to the most abundant synaptic protein CaMKII that constitutes 7% of the postsynaptic density (Cheng et al., 2006) . Correspondingly, SynCAM proteins were prominent in brain homogenates (see Table S1 available online) where they are considerably more abundant than neuroligins (Varoqueaux et al., 2006) . This prominent expression indicated that SynCAM proteins could play important roles at synapses.
Overexpression of SynCAM 1 with Temporal Control
Redundancy and compensation between synapse-organizing proteins may preclude the identification of phenotypes in mice lacking single synaptic adhesion molecules as previously reported (Varoqueaux et al., 2006) . Specifically, the single loss of SynCAM 1 in KO mice may be compensated by other SynCAM family members or functionally related proteins. We therefore reasoned that elevating SynCAM 1 in neurons may expose its in vivo activities more readily than a loss-of-function approach. To pursue the overexpression of SynCAM 1 in vivo, we generated a mouse line carrying a transgene encoding flag-epitope tagged SynCAM 1 under the control of a Tet-responsive element (TRE) (Mansuy and Bujard, 2000) ( Figure 1A ). This line was crossed to mice transgenically expressing the transcriptional transactivator tTA from the CaMKII promoter, which is active in excitatory forebrain neurons (Mayford et al., 1996) . In the resulting TRE-SynCAM 1 flag x CaMKII-tTA mice, tTA mediated the expression of the transgenic SynCAM 1 flag protein throughout neurons in the forebrain, similar to its endogenous distribution (Figures S1A and S1B) (Thomas et al., 2008) . Mice carrying only the CaMKII-tTA transgene did not exhibit altered SynCAM 1 protein levels (data not shown) and served as controls for transgenic SynCAM 1 flag overexpressors (OE) in this study.
The developmental profile of SynCAM 1 flag protein expression in OE mice followed the increase of endogenous SynCAM 1 in the postnatal forebrain, without altering the expression of Syn-CAM 2-4 ( Figure 1B ). No change in the expression profile of other synaptic proteins was detected ( Figure 1B ) and quantitative immunoblotting at P28 confirmed that the amounts of neuroligin 1, NCAM, and N-cadherin were unaltered in these mice (data not shown). Our transgenic design resulted in 8.4 ± 0.03-fold higher amounts of total SynCAM 1 in the hippocampus at P28, without affecting its expression in the cerebellum where the CaMKII promoter is inactive and tTA is not expressed ( Figure 1C ). This double-transgenic mouse model constitutes a Tet-Off system (Mansuy and Bujard, 2000) and administration of the tTA inhibitor doxycycline tightly repressed SynCAM 1 flag approximately to control levels ( Figure 1C ).
Synaptic Localization and Adhesive Interactions of Transgenic SynCAM 1
Subcellular fractionation confirmed the enrichment of overexpressed SynCAM 1 in synaptic plasma membranes purified from forebrain of adult OE mice, similar to endogenous SynCAM 1 in controls ( Figure 1D ). Consequently, total SynCAM 1 amounts were increased 8-fold in synaptic plasma membranes purified from the forebrain of adult OE mice ( Figure S1C ). Immunohistochemical analysis confirmed the correct subcellular sorting of SynCAM 1 flag to synaptic regions, while cell body layers lacked staining ( Figure 1E ). Analysis at higher magnification revealed that the majority of vGlut1/2-positive excitatory synapses expressed SynCAM 1 flag ( Figure 1F ), whereas it was not detected at inhibitory synapses marked by GAD65 ( Figure 1G ). This agreed with previous immunoelectron microscopic results that SynCAM proteins are endogenously present at excitatory synapses (Biederer et al., 2002) . We additionally immunoprecipitated SynCAM 1 to test whether overexpression alters its extracellular interactions ( Figure 1H ). Control mice showed strong heterophilic interaction of SynCAM 1 with SynCAM 2 (lanes 1-4) as reported previously (Fogel et al., 2007 
TRE
SynCAM 2 with overexpressed SynCAM 1 flag using anti-flag antibodies ( Figure 1I ). Together, this transgenic SynCAM 1 mouse model replicated the properties of endogenous SynCAM 1 and was suited to identify roles of SynCAM 1 in the postnatal brain.
SynCAM 1 Promotes the Number of Excitatory Synapses
Using electron microscopy, we determined the effects of altered SynCAM 1 expression on the density and ultrastructure of excitatory (Gray type I, asymmetric) and inhibitory (Gray type II, symmetric) synapses in the CA1 stratum radiatum of the hippocampus (Figures 2A and 2H ). This area was selected as the morphological and physiological properties of its synapses are well characterized. Importantly, the density of excitatory synapses in SynCAM 1 overexpressing mice was increased by 26% ± 3%, while the number of the less abundant inhibitory synapses was not affected ( Figure 2B ). In addition, we used electron microscopy to count inhibitory synapses at perisomal regions of CA1 pyramidal neurons, where inhibitory synapses are prominent (Megias et al., 2001) . As in CA1 stratum radiatum, no difference in perisomal inhibitory synapse density was observed between SynCAM 1 OE and control mice ( Figures  S2A and S2B ). These results demonstrated that SynCAM 1 specifically increases excitatory synapse number. They also show that the elevation of SynCAM 1 in the complex environment of the brain is not compensated by mechanisms negatively regulating excitatory synapse number. Further, these findings agree with the synaptogenic activities of SynCAM 1 previously demonstrated in cultured hippocampal neurons (Biederer et al., 2002; Fogel et al., 2007; Sara et al., 2005) . The absence of an effect on inhibitory synapse number in vivo was consistent with our transgenic design that overexpressed SynCAM 1 in excitatory forebrain neurons, similar to its endogenous expression pattern (Thomas et al., 2008) . The average number of synaptic vesicles per excitatory terminal was not altered by SynCAM 1 overexpression ( Figure 2C ), and the thickness and length of the postsynaptic density (PSD) were also unchanged ( Figures 2D and  2E ). These results demonstrated that SynCAM 1 overexpression increases excitatory synapse number in vivo without altering their ultrastructure.
We considered that our electron microscopic study was likely biased toward excitatory synapses on mushroom-type spines as these are most prominent and readily identifiable. For a comprehensive analysis of all spine types, we employed Golgi staining ( Figure 2F ) and classified spines of pyramidal neurons in CA1 stratum radiatum using described criteria (Knott et al., 2006) . This demonstrated an increase in total spine density by 37% ± 10% in SynCAM 1 overexpressors. Morphometric scoring determined a 34% ± 10% increase in the density of mushroom-type spines per dendrite length, and a 4-fold increase in the number of the far less prominent thin spines (Figure 2G) . The density of stubby spines and the small fraction of unclassifiable spine structures was unchanged (data not shown). These results agree with our electron microscopic analysis and additionally revealed an increased number of thin spines, which can correspond to sites of new synapses (Knott et al., 2006; Ziv and Smith, 1996) .
Endogenous SynCAM 1 Regulates Excitatory Synapse Number and Structure
The effects of SynCAM 1 overexpression motivated us to analyze synapses in the brain of KO mice lacking SynCAM 1 to determine whether the organization of synapses is its endogenous function. The only previously known phenotype of SynCAM 1 KO neurons is their more exuberant growth cone morphology in early development (Stagi et al., 2010) , while synaptic changes remained to be addressed. The one apparent phenotype of these KO mice is male infertility due to impaired spermatid adhesion (Fujita et al., 2006) . Our electron microscopic analysis of the hippocampal CA1 stratum radiatum at P28 showed that the number of excitatory synapses in SynCAM 1 KO mice was significantly reduced by 10% ± 3% ( Figure 2I ), demonstrating that it is a biological function of SynCAM 1 to contribute to synapse organization. As in SynCAM 1 overexpressors, the number of inhibitory synapses was neither affected in the CA1 stratum radiatum of KO mice ( Figure 2I ) nor in the stratum pyramidale ( Figures S2C and  S2D ). The PSD length was reduced in SynCAM 1 KO mice by 19% ± 2%, concomitant with a reduction in active zone length by 15% ± 3%, while other parameters of synapse ultrastructure were unchanged ( Figures 2J-2M ). Electron microscopic analysis demonstrated that the presynaptic terminal area was unchanged in the KO (data not shown), indicating that these (OE, top) fractionates with synaptic plasma membranes (SPM) similar to endogenous SynCAM 1 (tTA control, bottom). SynCAM 1-3 were detected at their distinct molecular weights with a pleio-antibody. N-cadherin marks SPM and synaptophysin marks synaptic vesicles (LP2). SynCAM 1 and 2 are present in LP2 due to nonvesicular fractions (Fogel et al., 2007) . S, supernatant; P, pellet; LP, lysis pellet; mito, mitochondria. ultrastructural effects of SynCAM 1 loss result from impaired interactions across the synaptic cleft and are not due to a nonspecific reduction of synapse size.
To address the developmental roles of SynCAM 1 at synapses, we analyzed KO mice at P14. Similar to the results at P28, the lack of SynCAM 1 reduced the number of excitatory (wild-type, n = 53 images, 211 synapses, 2 male littermates; KO, n = 92 images, 293 synapses, 2 males) but does not affect inhibitory synapse density (wt, n = 68 synapses; KO, n = 117) (O) SynCAM 1 KO shortens PSDs already at P14 (wt 269 ± 5 nm, n = 208 synapses; KO 243 ± 4 nm, n = 306; KS test p < 0.01). Statistical analyses in (B), (G), (I), and (N) were performed using Student's t test with errors corresponding to SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
synapses by 20% ± 6%, while inhibitory synapse density was unchanged ( Figure 2N ). PSD length was also shortened by 9% ± 2% ( Figure 2O ). SynCAM 1 therefore modulates excitatory synapse number at different stages of postnatal development. Moreover, our findings show that endogenous SynCAM 1 not only elevates synapse number but also plays a role in the structural organization of excitatory synapses.
We noted a higher density of excitatory synapses in wild-type controls of the KO mice compared to the transgenic controls containing the tTA transgene alone ( Figures 2B and 2I ). This likely reflects the different genetic backgrounds of the KO and transgenic mouse strains used in this study. A rescue of the SynCAM 1 KO by transgenic overexpression was not performed because the male infertility of the KO left only breeding strategies with a very low likelihood of obtaining litters that included offspring carrying the SynCAM 1 gene deletion and both transgenes encoding SynCAM 1 flag and tTA, and the required littermate controls. Together, the reciprocal effects of overexpression and loss on synapse density in these mouse models demonstrate that SynCAM 1 promotes excitatory synapse numbers in vivo.
SynCAM 1-Induced Synapses Are Functional
We next addressed whether the synapses gained by SynCAM 1 overexpression were functional. We used miniature excitatory postsynaptic current (mEPSC) frequency as a measure of synapse number, as an increase in the number of functional synapses would increase the frequency of mEPSCs. Recordings were obtained from acute hippocampal slices at P14. Similar to the morphological data, we observed strain-dependent mEPSC differences between overexpressor and KO controls. We therefore only compared relative differences of overexpressors and KOs to their respective littermate controls. Consistent with the increase in morphologically defined synapses, transgenic animals continuously overexpressing SynCAM 1 (OE always ) exhibited a strong 2.1-fold increase in mEPSC frequency compared to control littermates carrying only the tTA transgene ( Figures 3A and 3B ). mEPSC amplitude was not affected (Figure 3C) . The transgenic design allowed us to continuously repress overexpression by administering doxycycline (see Figures 1C and 5B). These doxycycline-treated mice served as additional controls (OE never ) and their mEPSC frequencies and amplitudes were indistinguishable from those of tTA control littermates ( Figures 3A-3C ).
Converse to the overexpression of SynCAM 1, its loss caused a strong reduction in mEPSC frequency by more than half compared to control wild-type littermates ( Figures 3D and 3E) . The unaltered mEPSC amplitude in the KO mice ( Figure 3F ) indicated that the density of AMPA receptors is not changed in their shortened PSD, as mEPSC amplitude reflects AMPA receptor density rather than total receptor number (Raghavachari and Lisman, 2004 Statistical analyses in (B), (C), (E), and (F) were performed using Student's t test with errors corresponding to SEM. * p < 0.05; n.s., not significant.
unaltered mEPSC amplitude has also been observed in Shank1 KO mice (Hung et al., 2008) . We noticed that the effect of SynCAM 1 on mEPSC frequency is more pronounced than on synapse number. One reason may be that synapses rendered nonfunctional by the absence of SynCAM 1 could appear normal on the morphological level such as reported for Munc-18-1 KO and neuroligin 1-3 KO mice (Varoqueaux et al., 2006; Verhage et al., 2000) . Taken together, these electrophysiological data revealed that SynCAM 1 levels regulate the number of functional excitatory synapses.
Other Steady-State Synaptic Properties Are Unaffected by SynCAM 1 Does SynCAM 1 affect other functional synaptic properties? To assess synaptic strength, we analyzed the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor and N-methyl-D-aspartate (NMDA) receptor components of evoked excitatory postsynaptic currents (EPSC). Compared to their respective littermate controls, the AMPA/NMDA ratio was neither altered in SynCAM 1 overexpressors ( Figure 4A ) nor in KO animals ( Figure 4B ). Analyzing presynaptic properties, we found that the paired-pulse ratio (PPR), a measure of changes in the probability of transmitter release, was unchanged after SynCAM 1 overexpression or loss ( Figures 4C and 4D ). The increase in mEPSC frequency in SynCAM 1 overexpressors therefore likely reflects higher excitatory synapse numbers rather than an elevated release probability. Together with the ultrastructural analyses, these results showed that most structural and basic functional properties of synapses are intact under conditions of SynCAM 1 overexpression or loss, with the exception of the shortened PSD in the KO. This lack of changes in parameters associated with synapse maturation indicated a select effect of SynCAM 1 on synapse number.
SynCAM 1 Sustains the Increase in Excitatory Synapse Number
We wanted to determine at which point in the lifetime of synapses SynCAM 1 acts and considered two hypotheses: first, SynCAM 1 functions only at early stages of synapse development to increase synapse number and is then dispensable. In this first case, the SynCAM 1-mediated increase in synapse number would persist beyond a shutdown of its overexpression. We also considered as a second hypothesis that SynCAM 1 could be continuously required to sustain excitatory synapses number, possibly by initially promoting excitatory synapse formation and then maintaining them. In that second case, the gain in synapse number would be lost after ending SynCAM 1 overexpression.
To distinguish between these hypotheses, we utilized the temporal expression control afforded by our transgenic mouse model. SynCAM 1 overexpression effects on mEPSC frequency were compared at P14 and P28, i.e., during and after the peak of synaptogenesis. Three different experimental conditions were analyzed. Animals overexpressed SynCAM 1 either constitutively (OE always ), or only within the first 2 weeks of postnatal development until P14 (OE early ), or selectively from P14-P28 (OE late ) ( Figure 5A ). Immunoblotting of hippocampal lysates obtained after these treatments confirmed the intended repression and induced expression of SynCAM 1 flag ( Figure 5B ). Three controls were analyzed in parallel. In the first cohort of controls, SynCAM 1 overexpression was continuously repressed by administering doxycycline (OE never ). A second and third cohort comprised mice carrying only tTA and lacking the SynCAM 1 transgene. This second group of controls remained untreated, while the third control group was treated with doxycycline to exclude nonspecific effects of this drug on synapse number. mEPSC frequencies and amplitudes were indistinguishable under all control conditions ( Figure S3) .
As observed at P14 (see Figure 3B ), the continuous overexpression of SynCAM 1 until P28 caused a strong increase in mEPSC frequency ( Figures 5C and 5D) . Interestingly, when the overexpression of SynCAM 1 was repressed until P14 but switched on at P14 (OE late ), we observed at P28 an increased mEPSC frequency that was statistically indistinguishable from continuous overexpression ( Figure 5D ). This indicates that SynCAM 1 can increase synapse number also at later stages of postnatal development. Importantly, when SynCAM 1 was overexpressed until P14, but was then shut down (OE early ), mEPSC recordings at P28 revealed that the increase in synapse number that had been observed at P14 was lost by P28 ( Figures  5C and 5D ). These results supported our second hypothesis that SynCAM 1 is required to sustain the increase in excitatory synapses it mediates. Are these dynamic, SynCAM 1-dependent changes in functional excitatory synapse number also reflected on the 
6). Scale bar in (B) applies to (A) and (B).
(C and D) Paired-pulse ratio (PPR), a measure for short-term plasticity of presynaptic release, is neither altered by SynCAM 1 overexpression (C; tTA controls n = 17; OE n = 15; p > 0.5) nor its absence (D; wild-type n = 17; KO n = 11; p > 0.1). Scale bar in (D) applies to (C) and (D). Statistical analyses in (A)-(D) were performed using Student's t test with errors corresponding to SEM. n.s., not significant. morphological level? To address this, we analyzed Golgi-stained spines as a measure of excitatory synapses. Employing the same temporally controlled expression as for the mEPSC analysis, we determined that spine densities were indistinguishable under all control conditions at P28 ( Figure S4 ). The overexpression of SynCAM 1 until P14 resulted in a significant increase in total spine density by 31% ± 3% compared to tTA littermate controls ( Figure 5E ), similar to the spine increase in adult OE mice (see Figure 2G ). These SynCAM 1 overexpressing P14 mice also exhibited a 5-fold increase in the small fraction of thin spines over controls (data not shown). Similarly, overexpression of SynCAM 1 until P28 increased total spine density by 24% ± 2%. The same increase was determined in OE late mice ( Figure 5E ), demonstrating that SynCAM 1 can increase excitatory synapse number even after the peak of synaptogenesis has been reached around P14. Importantly, the spine gain caused by elevating SynCAM 1 until P14 was lost at P28 on shutdown of overexpression in OE early mice. Together, both the electrophysiological measurement of functional excitatory synapses and the Golgi staining of spines demonstrated that the continued elevation of SynCAM 1 is necessary to maintain the increase in excitatory synapses it drives in the first place.
Long-Term Depression Is Regulated by SynCAM 1 Expression Levels
Trans-synaptic interactions may not only alter synapse formation and development but also synaptic plasticity. Long-term depression (LTD), a plasticity mechanism that decreases synaptic strength after low-frequency stimulation, correlates with spine shrinkage (Zhou et al., 2004 Figure S4A ). For statistical comparisons, see Figure S4B . Statistical analyses in (D) and (E) were performed using Student's t test with errors corresponding to SEM. *p < 0.05; ***p < 0.001; n.s., not significant.
of SynCAM 1 on maintaining spine numbers, we tested whether SynCAM 1 expression modulates the activity-dependent weakening of synapses. Intriguingly, extracellular field potential recordings from the CA1 area of the hippocampus identified that mice continuously overexpressing SynCAM 1 (OE always )
failed to exhibit LTD ( Figure 6A ). We again used the temporal expression control of our transgenic mouse model and tested whether this impairment of LTD requires the continuous overexpression of SynCAM 1. Our results show that LTD was restored at P14 when SynCAM 1 overexpression was turned off from P8 on (OE early ) ( Figure 6A ). As expected, continuously repressed animals (OE never ) did not exhibit a change in LTD. As we detected opposite effects of SynCAM 1 overexpression and loss on synapse numbers, we hypothesized that SynCAM 1 KO mice may show increased LTD reciprocal to the lack of LTD in the overexpressors. Indeed, LTD was expressed more strongly in SynCAM 1 KO mice ( Figure 6B ). These findings indicate a direct modulatory effect of SynCAM 1 overexpression and loss on this plasticity mechanism.
To test whether SynCAM 1 also alters the ability to strengthen synaptic transmission in an activity-dependent manner, we measured long-term potentiation (LTP) using a robust tetanic stimulation protocol. We observed no effects of SynCAM 1 overexpression or SynCAM 1 loss on LTP (Figures 6C and 6D) . Together, these experiments demonstrated that the weakening of synaptic connections by LTD is selectively and strongly affected by SynCAM 1. 
SynCAM 1 Impacts Spatial Learning
As cognitive tasks involve synaptic plasticity (Nelson and Turrigiano, 2008; Neves et al., 2008) , the synapse-organizing roles of SynCAM 1 may alter experience-dependent behaviors. We addressed this question first in the SynCAM 1 overexpressing mice that lacked LTD. Control experiments confirmed that their motor functions as well as vision were unaffected, permitting these behavioral studies ( Figure 7A ; Figures S5A-S5C) . We tested these mice in the Morris water maze paradigm, a hippocampus-dependent task of spatial reference learning. The animals' motivation to reach a submerged, but visibly marked platform in a water tank was unaltered ( Figures S6A and S6B) . Notably, SynCAM 1 overexpressors failed to properly learn the target quadrant's location when the platform was hidden (Figure S6C) , and correspondingly were unable to remember the correct maze quadrant when subjected to a probe trial ( Figure 7B ). This surprising impairment of spatial learning and memory was not due to a general hippocampal dysfunction, as these animals performed normally in a modified novel objection recognition task ( Figure S6G ). To extend this analysis beyond cognitive tasks, we also assessed anxiety-related behavior. Testing the SynCAM 1 overexpressing animals in the elevated plus maze identified no alteration in the number of entries into an exposed maze arm, indicative of unchanged anxiety levels ( Figure S6H) .
In contrast to SynCAM 1 overexpressors, LTD was enhanced in SynCAM 1 KO animals. This led us to hypothesize that learning might be altered and possibly improved in these mice. To facilitate the detection of putative improvements, behavioral studies were performed in aged mice as older rodents exhibit impaired spatial memory (Gage et al., 1989) , which is apparent in the high error rate of aged wild-type mice (see Figure S6F ). Motor functions were normal in aged KO mice ( Figure 7C ; Figure S5D ), and no changes in anxiety-related behavior were identified (Figure S6I) . Furthermore, the animals' motivation to reach the visibly marked platform in a water tank was unaffected ( Figures S6D  and S6E ). We were intrigued to observe that SynCAM 1 KO mice learned the location of the correct quadrant in the Morris water maze significantly faster than wild-type littermate controls ( Figure S6F ). Even more surprisingly, these trained SynCAM 1 KO mice exhibited significantly enhanced spatial memory ( Figure 7D ).
DISCUSSION
Our results reveal that the synaptic adhesion molecule SynCAM 1 contributes to the regulation of excitatory synapses in the brain in two distinct ways, through altering their number as well as their plasticity. Consistent with its expression into adulthood, SynCAM 1 regulates excitatory synapse number both in the developing and adult brain as measured by electron microscopy, Golgi staining, and electrophysiology. SynCAM 1 not only increases excitatory synapse density but its expression is additionally required to maintain this increase as shown using temporally controlled overexpression. Moreover, the analysis of SynCAM 1 KO mice reveals that its loss results in fewer excitatory synapses with a shortened PSD. Our results in OE and KO mouse models demonstrate that the organization of excitatory synapses is a key developmental role of SynCAM 1 and indicate that its expression directly regulates synapse number. Notably, SynCAM 1 also changes synaptic plasticity through restricting LTD. These effects correlate with behavioral changes, and SynCAM 1 KO animals perform better than wild-types in spatial learning. In contrast, the overexpressing mice that lack LTD are unable to acquire this form of reference memory. Our findings demonstrate that SynCAM 1 organizes excitatory synapses by contributing to the regulation of both their number and synaptic plasticity. This distinguishes it from proteins such as neuroligins that serve in synapse maturation in vivo (Varoqueaux et al., 2006) .
With respect to synapse development, this work provides new insights into trans-synaptic interactions by demonstrating that SynCAM 1 organizes synapses in the brain. Based on our results, and the contribution of adhesive SynCAM 1 assembly to axo-dendritic contact formation (Stagi et al., 2010) , we propose that SynCAM 1 participates both in early steps of synaptogenesis and subsequently in maintaining this increase in excitatory synapse number. Mechanistically, SynCAM 1 adhesion may drive excitatory synapses by promoting the prolonged structural interactions between axon and dendrite that precede excitatory, but not inhibitory, synapse formation (Wierenga et al., 2008) . Here, an increase of homophilic SynCAM 1/1 complexes in transgenic overexpressors that is paralleled by the reduction in SynCAM 1/2 complexes may stabilize nascent synapses to increase synapse number. This molecular change in SynCAM adhesion complexes may therefore specifically impact synaptic differentiation.
Interestingly, the absence of SynCAM 1 already resulted in a significant reduction of synapse number, despite the continued expression of the three other members of this protein family. This demonstrated that its loss is not fully compensated by these or other synapse-organizing proteins. This was unexpected because SynCAM 1 is expressed at lower protein amounts than SynCAM 2, and may reflect a select role of SynCAM 1 in the adhesive stabilization of excitatory synapses. The acute loss of SynCAM 1 may impact the number of synapses even more strongly, but this could not be addressed as our studies were performed in a constitutive SynCAM 1 KO. Similarly, our analysis of the inducible transgenics showed that other synapse-organizing proteins did not compensate for the absence of overexpressed SynCAM 1 once it was shut down in OE early mice. This resulted in the loss of the SynCAM 1-induced increase in synapse number we measured by electrophysiological recordings and Golgi staining of spines. These findings point to specific roles of SynCAM 1 compared to other synaptic adhesion molecules, and underline that SynCAM 1 acts in a partially nonredundant manner, unlike reported for neuroligins (Chih et al., 2005; Varoqueaux et al., 2006) . These consequences of SynCAM 1 elevation and loss are reminiscent of the dose-dependent effects of the homophilic Ig adhesion molecule fasciclin II on synapse formation in Drosophila (Davis et al., 1997) .
SynCAM 1 likely organizes excitatory synapses throughout development and into adulthood. This is indicated by the reduction of synapse number both during the peak of synapse formation at P14 and once most synapses have formed at P28 as observed by electron microscopy. Our physiological recordings in the developing brain of KO mice support this conclusion. Roles in the mature brain are consistent with the increase in synapse number even if SynCAM 1 is overexpressed only in later postnatal development, i.e., subsequent to the peak of synaptogenesis. Interestingly, functions of SynCAM 1 in the adult brain have been independently indicated by the upregulation of SynCAM 1 transcripts in the visual cortex after monocular deprivation (Lyckman et al., 2008) and in regenerating spinal cord axons (Zelano et al., 2009) , two processes that require the formation of new synapses.
Moreover, this study demonstrates that SynCAM 1 not only impacts functional synapse number but also regulates the activity-dependent plasticity of synapses once they are formed. Specifically, SynCAM 1 overexpression occluded LTD and the loss of SynCAM 1 enhanced LTD. Furthermore, mice in which SynCAM 1 overexpression was shut down subsequently again exhibit normal LTD. These findings indicate that the impact of SynCAM 1 on LTD directly depends on its expression level and highlights an unexpected physiological role of this protein. This is the first report that an adhesion molecule can regulate LTD, extending the findings that LTP is affected by NCAM and Eph receptors (Gerrow and El-Husseini, 2006) and that the loss of neuroligin 1 impairs LTP (Blundell et al., 2010; Kim et al., 2008) . Two mechanisms underlying the effect of SynCAM 1 on LTD are conceivable. The trans-synaptic interaction of SynCAM proteins might stabilize synaptic structures and thereby prevent the physical loss of synaptic contacts that occurs during LTD (Zhou et al., 2004) . Also, SynCAM complexes may confine glutamate receptors to postsynaptic specializations, thereby preventing LTD. Future studies will have to test these possibilities.
Perhaps the most surprising finding of this study is that SynCAM 1 is the first adhesion molecule that can restrict a cognitive function, which extends previous molecular analyses of learning (Lee and Silva, 2009 ). This effect differs from the loss of neuroligin 1, which was reported to impair spatial learning (Blundell et al., 2010) . SynCAM 1 may impact spatial learning through altering LTD, which plays roles in object exploration in space and spatial learning (Kemp and Manahan-Vaughan, 2004; Nicholls et al., 2008) .
In summary, our studies of SynCAM 1 define for the first time the functions of a synapse-organizing protein during the development of synapses in vivo and show that it can promote both an increase in synapse number and the maintenance thereof, together with regulating plasticity.
EXPERIMENTAL PROCEDURES Transgenic and KO SynCAM 1 Mouse Models
To generate the transgenic cassette, a SynCAM 1 construct tagged within the middle of the cytosolic sequence with two flag epitopes was cloned into the pTRE vector (Clontech). This coding sequence preceded by a TRE element (Mansuy and Bujard, 2000) was used to generate a transgenic mouse line, which was crossed to mice carrying the CaMKII-tTA transgene (Mayford et al., 1996) to obtain double-heterozygotic SynCAM 1 flag overexpressors.
To temporally control SynCAM 1 flag overexpression, doxycycline-containing water (1 g/l) was provided to the mice. Transgenic mice were maintained in a mixed BL6/SJLF1J background, and mice heterozygotic for the CaMKIItTA transgene but lacking the SynCAM 1 flag transgene served as controls.
SynCAM 1 KO mice were generously provided by Dr. T. Momoi (National Institute for Neuroscience, Tokyo) (Fujita et al., 2006) . This mouse line was maintained in a mixed BL6/129Sv background and homozygotic wild-type and KO littermates were compared to control for the same genetic background of analyzed mice.
Biochemical Procedures
Frozen tissue samples were rapidly homogenized using microtip-aided sonication. Brain homogenates were subfractionated by the method of Jones and Matus (1974) with modifications (Biederer et al., 2002) . For coimmunoprecipitation experiments, synaptosomes were prepared from forebrain, solubilized with 1% Triton X-100, and incubated with Protein G agarose-conjugated flag M2 antibodies or with anti-SynCAM 1 antibodies as described previously (Fogel et al., 2007) . Quantitative immunoblotting was performed on an Odyssey Imaging System (Li-Cor, Lincoln, NE) and signals were calibrated against purified epitopes (Fogel et al., 2007) .
Immunohistochemistry and Electron Microscopy
Immunohistochemistry was performed on cryosections of P21 mouse brains, and stained sections were imaged with a Zeiss LSM 510 META laser scanning confocal microscope. Golgi staining of hippocampal pyramidal neurons was performed using the FD Rapid Golgi Stain Kit (FD NeuroTechnologies, Ellicott City, MD) according to the manufacturer's instructions. Differential interference contrast images of secondary and tertiary CA1 apical dendrites were acquired and spines of Golgi-stained sections were classified and quantitatively analyzed as described (Knott et al., 2006; Li et al., 2004) . For electron microscopy, coronal sections of 100 mm thickness from the CA1 stratum radiatum of hippocampus were cut using a vibratome. Morphometric classification of synapses and analysis of ultrastructural parameters were performed as described (Rosahl et al., 1995) .
Electrophysiological Recordings
Electrophysiological recordings from hippocampal slices were performed after preparing 400 mm slices and storing them in artificial cerebrospinal fluid (ACSF) gassed with carbogen. For whole cell recordings, pyramidal CA1 neurons were visualized using differential infrared video microscopy. Miniature EPSCs were recorded at a holding potential of À70 mV in ACSF supplemented with tetrodotoxin, picrotoxin, and trichlormethiazide. Statistical analyses of cumulative distributions were performed applying the Kolmogorov-Smirnov test. Field potentials were evoked by stimulating Schaffer collaterals and recorded in the CA1 stratum radiatum. LTP was induced by two trains of pulses at 100 Hz for 1 s, and LTD by low frequency stimulation of 1 Hz for 15 min.
Behavioral Studies
Behavioral tests were performed using cohorts of male mice. Locomotor activity in an open field box and a water tank was controlled by video tracking. Novel object exploration was scored as described with modifications to test hippocampal effects (Gresack and Frick, 2004) . Morris water maze training and probe trials were conducted in a water-filled circular tank, with visual cues mounted on the tank wall. Path length, time spent in each quadrant, and latency to find the escape platform were tracked by video as described (Rabenstein et al., 2005) . Elevated plus maze studies were performed by measuring the frequency with which mice enter open and close maze arms as described (Lister, 1987 
